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Abstract: This investigation examined the impact of Montmorency tart cherry concentrate 
(MC) on physiological indices of oxidative stress, inflammation and muscle damage across 
3 days simulated road cycle racing. Trained cyclists (n = 16) were divided into equal groups 
and consumed 30 mL of MC or placebo (PLA), twice per day for seven consecutive days.  
A simulated, high-intensity, stochastic road cycling trial, lasting 109 min, was completed on 
days 5, 6 and 7. Oxidative stress and inflammation were measured from blood samples 
collected at baseline and immediately pre- and post-trial on days 5, 6 and 7. Analyses for 
lipid hydroperoxides (LOOH), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), 
interleukin-8 (IL-8), interleukin-1-beta (IL-1-β), high-sensitivity C-reactive protein (hsCRP) 
and creatine kinase (CK) were conducted. LOOH (p < 0.01), IL-6 (p < 0.05) and hsCRP  
(p < 0.05) responses to trials were lower in the MC group versus PLA. No group or 
interaction effects were found for the other markers. The attenuated oxidative and 
inflammatory responses suggest MC may be efficacious in combating post-exercise 
oxidative and inflammatory cascades that can contribute to cellular disruption. Additionally, 
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we demonstrate direct application for MC in repeated days cycling and conceivably other 
sporting scenario’s where back-to-back performances are required. 
Keywords: recovery; strenuous exercise; muscle damage; prunus cerasus 
 
1. Introduction 
Antioxidant supplementation has received growing attention for its role in aiding recovery from 
strenuous exercise [1–3] due to its ability to reduce cell damaging oxidative stress [4–8] and 
inflammation [9–11]. Specifically, the efficacy of antioxidant supplements such as ascorbic acid 
(vitamin C) [12–14], α-tocopherol (vitamin E) [15,16] and a range of functional foods with high 
antioxidant concentrations such as blueberries [17], beetroot [18,19] and cherries [10,20,21], have 
been investigated with regards to accelerating recovery or enhancing physical performance. 
It has been suggested that foods with a high concentration of the flavanoids, anthocyanins, may be 
beneficial in recovery from exercise, which is proposed to increase the capacity for the inhibition of 
inflammatory cyclooxygenase (COX-1 and COX-2) enzymes and oxidative stress [6,22]. 
Anthocyanins are glycosides of their aglycon, cyanidin, and have been shown (in vitro) to be superior 
to α-tocopherol and the commercially available antioxidants butylated hydroxyanisole (BHA) and 
butylated hydroxytoluene (BHT) in the attenuation of lipid peroxidation [6]. Additionally, 
anthocyanins from Montmorency cherries have demonstrated similar anti-inflammatory properties to 
non-steroidal anti-inflammatory drugs (NSAID’s), such as ibuprofen and naproxen [22] and were 
superior to blueberries, cranberries and bilberries. Furthermore, a cell culture study in rat hepatocytes 
demonstrated anthocyanins inhibited reactive oxygen species (hydrogen peroxide) whilst up-regulating 
the expression of endogenous antioxidants glutathione reductase, glutathione peroxidase and glutathione 
S-transferase [23]. 
Montmorency cherries are a good candidate for recovery following intense exercise in humans 
because of their high concentrations of anthocyanins [5]. The first study to demonstrate accelerated 
exercise recovery used 9 days of Montmorency cherry supplementation (4 days pre-, on the day and 4 days 
post-exercise) [20]. In the 96 h following an eccentric-induced muscle damage protocol, 
supplementation with Montmorency cherries showed significant attenuation in the decline of isometric 
strength when compared with a placebo (4% vs. 22%). This was supported more recently by research 
demonstrating that 10 days of Montmorency cherry supplementation (7 days pre-, on the day and 2 days 
post-exercise) resulted in a more rapid recovery of isokinetic knee extensor force than an isoenergetic 
placebo following an eccentric-induced muscle damage protocol [21]. Despite these findings neither 
study was able to demonstrate changes in oxidative stress or inflammation, although a trend towards 
attenuated oxidative stress (protein carbonyls) was reported in the latter study with Montmorency 
cherries condition [21]. In addition to the aforementioned studies, attenuation of both oxidative stress 
and inflammatory responses to exercise with Montmorency cherries supplementation (8 days; 5 days 
pre-, on the day of and 2 days post-exercise) have been demonstrated following marathon running [10]. In 
the 48 h following marathon running, participants supplemented with Montmorency cherries showed 
significantly lower oxidative stress (thiobarbituric acid reactive substances [TBARS]) than the placebo 
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counterparts and in addition, the inflammatory response (interleukin-6 [IL-6] and high-sensitivity 
C-reactive protein [hsCRP]) were significantly lower in the Montmorency cherries versus placebo 
group. The discrepancies in findings with regards to biomarkers of oxidative stress and inflammation 
between Howatson et al., (2010) [10] and Bowtell et al., (2011) [21] may be explained by the mode of 
exercise used in the studies. Whilst Bowtell et al., (2011) [21] used a protocol to induce stress via  
a mechanically challenging exercise (eccentric muscle actions), the marathon running used by 
Howatson et al., [10] induced stress via both mechanical and metabolic pathways. Exercise that 
involves maximal muscular contractions such as those performed in Bowtell et al., (2011) [21] derives 
energy primarily from anaerobic pathways (ATP-PC system and anaerobic glycolysis) [24] and 
generally induces a high degree of mechanical stress on the muscle; whereas endurance exercise 
requires more prolonged energy turnover from aerobic sources (aerobic glycolysis and beta oxidation). 
Differences in energy pathway required impacts upon the magnitude and type of stress caused by the 
exercise with maximal muscular contractions causing greater mechanical damage (particularly when 
eccentric in nature) [25,26]. Running a marathon provides high mechanical stress through eccentric 
muscle actions and a high metabolic cost due to the requirements of sustained higher energy 
expenditure associated with this activity. This finding suggests that the positive effects of 
Montmorency cherries on recovery may be well suited to exercise with a high metabolic component. 
To date, no study has investigated the effects of Montmorency cherry supplementation on recovery 
from exercise that induces stress almost exclusively through metabolic pathways. Cycle ergometry 
provides an exercise model with little or no eccentric component. Additionally, repeated days 
strenuous cycling (akin to road cycling stage races) provides a suitable exercise paradigm for 
investigating repeated days performance in a metabolically challenging exercise, that has the scope to 
cause temporary perturbations inflammation and oxidative stress. Based on the evidence from previous 
literature, it was hypothesised that Montmorency cherry supplementation would attenuate the oxidative 
and inflammatory responses to the metabolic stress imposed via cycling across 3 days. As a result, the 
aim of the study was to investigate the impact of Montmorency cherries on metabolically exercise-induced 
oxidative stress and inflammation across 3 days of simulated cycle road racing. 
2. Experimental Section 
2.1. Participants 
Sixteen well-trained, male cyclists (mean ± SD age, height, mass, VO2peak was 30 ± 8 years;  
181.1 ± 6.7 cm, 76.5 ± 9.2 kg, 61.6 ± 10.4 mL·kg−1·min−1, respectively) were recruited to take part in 
the study following completion of a medical health-screening questionnaire. Volunteers were excluded 
from the study if they met any of the following exclusion criteria; current smoking habit, food allergy 
(discussed with research team), current use of any food supplements, history of gastrointestinal, renal 
or cardiovascular disease. Institutional ethical clearance was granted by the Northumbria University, 
Faculty of Health and Life Sciences Research Ethics Committee prior to any testing and written 
informed consent was collected from all participants following both verbal and written briefings on the 
requirements of the study. 
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2.2. Study Design 
All elements of the study were conducted in laboratories accredited by the British Association of 
Sport and Exercise Sciences (BASES). The study utilised a double-blind, independent groups design 
and required participants to complete a trial period of 8 days, including 4 visits to the laboratory 
(Figure 1). Visit 1 consisted of a preliminary aerobic profiling (VO2peak, Wmax) and familiarisation 
session, following which, the 16 participants were randomly, but equally divided into two groups 
(Montmorency cherry concentrate [MC] or Placebo [PLA]), that were counterbalanced by VO2peak 
(63.1 vs. 60.2 mL·kg·min−1). Visits 2–4 were conducted on consecutive days following a 4-day 
supplement loading phase and required participants to complete the exercise protocol described.  
Each visit started at 7:45 am following a 10 h overnight fast. Blood samples for analysis of systemic 
markers of oxidative stress, inflammation and muscle damage were collected at baseline  
(prior to 4-day loading phase), pre-trial 1, post-trial 1, pre-trial 2, post-trial 2, pre-trial 3 and post-trial 3. 
Figure 1. Schematic of testing protocol. Trials took place on consecutive days at 8:00 am 
following an overnight fast. 
 
2.3. Supplementation and Dietary Control 
Participants were provided with either MC or PLA supplementation after the initial visit and 
instructed to take the 30 mL of the supplement twice per day (8 am, 6 pm), for 7 consecutive days (4 days 
pre- and on each trial day [21]. All supplements were mixed with 100 mL of water prior  
to consumption. Independent analysis of MC [27] provided the following compositional data;  
Fat 0.028 mg·mL−1, Protein 31.47 mg·mL−1, Carbohydrate 669.4 mg·mL−1, Cholesterol < 0.01 mg·mL−1,  
Sodium 0.691 mg·mL−1, Calcium 0.137 mg·mL−1 and Iron 0.026 mg·mL−1. Additionally, according to 
the manufacturers guidelines (Cherry Active, Hanworth, UK), a 30 mL dose of MC is equivalent to 
approximately 90 whole Montmorency tart cherries and has been previously reported to contain 9.117 mg·mL−1 
of anthocyanins [5,21,28]. The PLA supplement consisted of a commercially available, less than 5% 
fruit, cordial (Protein 20 mg·mL−1, Carbohydrate 260 mg·mL−1, Sodium 10 mg·mL−1, Fat–Trace, 
Fibre–Trace and Anthocyanins–Trace for colour), mixed with water and maltodextrin  
(MyProtein Ltd., Northwich, UK) until matched for carbohydrate content of the MC. An independent 
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member of the department prepared and provided all supplements in opaque bottles to participants in 
order to maintain the double blind design. 
Throughout the course of the trial period, participants were required to adhere to a low-polyphenolic 
diet requiring the avoidance of fruits, vegetables, tea, coffee, alcohol, chocolate, cereals, wholemeal 
bread and grains. Verbal and written explanations of foods to avoid and detailed examples of suitable 
foods and diets were provided. In order to assess for dietary compliance, participants completed food 
diaries for the duration of the study [28]. 
2.4. Exercise Protocol 
Participants completed a simulated cycling road race at 8 am on visits 2–4. The cycling task was 
performed using a magnetically braked cycle ergometer (Velotron RacerMate, Seattle, WA, USA) and 
was a prolonged, high-intensity, stochastic performance previously used to simulate cycling road race 
demands [29]. Briefly, following a 10 min self-selected warm-up including 3 × 3 s sprints at 7, 8 and  
9 min, participants completed 66 sprints lasting 5, 10 or 15 s, with a work (W) to rest ratio of 1:6, 1:3 
or 1:1. Sprints were divided into 9 sets, with an active recovery period taking place between sets 1–2, 
2–3, 4–5, 5–6, 7–8 and 8–9. All active recovery and rest periods were maintained at an intensity equal 
to 40%–50% Wmax. A further 9 min of sustained effort was incorporated into the task through the 
performance of 2 × 2 min and 1 × 5 min time-trials following the active recovery periods after sets 3, 6 
and 9. During all time-trials, participants were encouraged to complete as much work as possible and 
the total duration of the trial was 109 min. Heart rate was continually recorded throughout each trial, 
using wireless heart rate telemetry (Polar Electro Ltd., Kempele, Finland). Additionally, power output 
(Velotron RacerMate, Seattle, WA, USA) data was collected at a frequency of 3 Hz and subsequently 
transformed into work performed (kJ). Throughout all trials, water was made available to participants 
ad libitum and strong verbal encouragement was provided. The exercise protocol is presented in Table 1. 
2.5. Blood Sampling 
Venous blood samples were collected from a branch of the basilic vein in the anti-cubital fossa 
region using the venepuncture method. A total ~21 mL of blood was collected into di-potassium 
ethylene diamine tetra-acetic acid (EDTA 10 mL), sodium heparin (6 mL) and serum separator (5 mL) 
tubes, respectively. Tubes were immediately centrifuged at 2400× g, 4 °C for 15 min, prior to the 
supernatant being removed and stored in aliquots at −80 °C. 
Table 1. Simulated road cycling race protocol (Vaile et al., 2008) [29]. Work—Maximal 
effort sprint. Rest—Power at 40%–50% Wmax. ACT (Active recovery)-Power at 40%–50% 
Wmax. TT (Time Trial)—Sustained maximal effort. 
10 minute warm up (Self-selected pace) 
Set Number  Sprint Frequency/Duration  Work to Rest Ratio  
Set 1  12 × 5 s  1:6 (Work:Rest)  
Set 2  12 × 5 s  1:3 (Work:Rest)  
Set 3  12 × 5 s  1:1 (Work:Rest)  
4 min ACT-2 min TT-4 min ACT  
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Table 1. Cont. 
Set 4  6 × 10 s  1:6 (Work:Rest)  
Set 5  6 × 10 s  1:3 (Work:Rest)  
Set 6  6 × 10 s  1:1 (Work:Rest)  
4 min ACT-2 min TT-4 min ACT  
Set 7  4 × 15 s  1:6 (Work:Rest)  
Set 8  4 × 15 s  1:3 (Work:Rest)  
Set 9  4 × 15 s  1:1 (Work:Rest)  
5 min ACT-5 min TT-5 min ACT  
2.6. Oxidative Stress 
To assess oxidative stress, samples were analysed for aqueous phase lipid hydroperoxides (LOOH) 
via the ferrous oxidation of xylenol orange method (FOX 1), using a modification of the methods by 
Wolff (1994) [30] and Nourooz-Zadeh et al., (1994) [31]. Absorbance was read spectrophotometrically 
(U-2001, Hitachi, England) at 560 nm against a linear standard curve (range 0–5 µmol·L−1).  
The inter-assay and intra-assay coefficients of variation were <4% and <2%, respectively. 
2.7. Inflammatory Indices 
Plasma tumour necrosis factor-alpha (TNF-α), interleukin-1-beta (IL-1-β), interleukin-6 (IL-6) and 
interleukin-8 (IL-8) were analysed using a multiplex electrochemiluminescence assay and plate reader 
(Sector Imager 2400, Meso Scale Discovery, Rockville, MD, USA). The intra- and inter-plate 
coefficients of variation were; 6.8% and 9.5% (IL-1-β), 4.9% and 8.8% (IL-6), 3.41% and 8.5% (IL-8), 
4.64 and 11.5% (TNFα) respectively. Serum high sensitivity C-reactive protein (hsCRP) was analysed 
using an immunoturbidimetric assay (Roche Modular P, Roche Diagnostics Ltd., Burgess Hill, UK). 
Inter- and intra-assay coefficients of variation were 4.7% and 0.7%,respectively. 
2.8. Muscle Damage 
Serum creatine kinase (CK) was analysed using a kinetic UV test (Olympus Analyser, Olympus 
Diagnostica GmbH, Hamburg) in line with the recommendations of the International Federation of 
Clinical Chemistry (IFCC). Inter- and intra-assay coefficients of variation were both 1.5%. 
2.9. Statistical Analysis 
All data was analysed using statistical software (IBM SPSS 20 for Windows, New York, NY, USA) 
and are reported as mean ± standard deviation. Blood indices were anlaysed using a group (MC v PLA) by 
time-point (baseline, pre-trial 1, post-trial 1, pre-trial 2, post-trial 2, pre-trial 3, post-trial 3) repeated 
measures analysis of variance (ANOVA). The ANOVA analyses for heart rate and work done during 
the time-trial phases included four fewer time-point levels (Trial 1, Trial 2, Trial 3). Mauchley’s Test 
of Sphericity was conducted to test for homogeneity of data and where violations were present; 
Greenhouse-Geiser adjustments were made. LSD post-hoc analysis was used, where necessary, to 
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identify significant interaction effects. A significance level of p < 0.05 was set prior to all analyses. 
Where appropriate, data were normalised using percentage to account for differences in baseline measures. 
3. Results 
Serum LOOH (Figure 2) showed significant time (F (1,7) = 2.631, p =  0.022), group (F(1,2) = 15.919, 
p < 0.001) and interaction effects (F (1,7) = 3.956, p < 0.002). LOOH were elevated above baseline in 
the PLA group across the trial period, whilst the MC supplemented group demonstrated attenuated 
LOOH responses in the same period. The greatest difference between MC and PLA occurred 
following trial 3 where LOOH was 29.8% lower in the MC supplemented group. 
Figure 2. Serum lipid hydroperoxide responses (% Change from baseline) to Montmorency 
cherry concentrate (MC) and isoenergetic placebo (PLA). Absolute baseline values  
were 1.269 ± 0.085 and 1.189 ± 0.153 mmol mL−1 for MC and PLA respectively.  
* Significant group effect (p < 0.05), $ Significant interaction effect (p < 0.05); values are 
mean ± SD. 
 
The pro-inflammatory marker, IL-6 (Figure 3), demonstrated time (F (1,7) = 21.412, p < 0.001), 
group (F (1,2) = 4.722, p =  0.047), and interaction effects (F (1,7) = 2.803, p < 0.016) with lower values 
present in the MC vs. PLA group immediately following trial 2 (2.03 pg·mL−1) and trial 3 (1.63 pg·mL−1) 
(F (1,7) = 2.803, p < 0.05). Significant time (F (1,7) = 7.467, p < 0.001), group (F (1,2) = 4.726, p =  0.047) 
and interaction (F (1,7) = 2.534, p = 0.026) effects were also found for hsCRP, which was lower in the 
MC group across all time-points after baseline (Figure 4). A main effect of time was found for IL-8 
(F (1,7) = 15.411, p < 0.001), however there were no group or interaction differences present. No 
differences were found between IL-1-β or TNF-α (Table 2). 
Muscle damage (CK) was not different between groups. However, CK did demonstrate a significant 
main effect for time (F (1,7) = 3.213, p = 0.007), with a small mean increase of 77 U/I across the trial 
period (Table 2). Total work performed (kJ) during the time-trial phases decreased across each trial 
with a main effect for time (F (1,3) = 7.667, p < 0.05) apparent. However, no differences between groups 
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or interaction effects were found. Heart rate analysis during time-trial phases revealed no differences 
between groups or across the three trials (Table 3). 
Figure 3. Plasma interleukin-6 responses (pg·mL−1) to Montmorency cherry concentrate 
(MC) and isoenergetic placebo (PLA). * Significant group effect (p < 0.05), $ Significant 
interaction effects (p < 0.05); values are mean ± SD. 
 
Figure 4. High-sensitivity CRP responses (% Change from baseline) to Montmorency 
cherry concentrate (MC) and isoenergetic placebo (PLA). Absolute baseline values were  
0.889 ± 0.592 and 0.475 ± 0.191 pg·mL−1 for MC and PLA respectively. * Significant group 
effect (p < 0.05), $ Significant interaction effects (p < 0.05); values are mean ± SD. 
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Table 2. Markers of inflammation and muscle damage not different between groups. 
 Baseline Pre-trial 1 Post-trial 1 Pre-trial 2 Post-trial 2 Pre-trial 3 Post-trial 3 
 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
IL-1-β (pg mL−1) 
MC 0.09 0.15 0.10 0.17 0.06 0.08 0.05 0.09 0.14 0.20 0.10 0.15 0.08 0.12 
PLA 0.27 0.47 0.11 0.14 0.20 0.22 0.20 0.29 0.19 0.29 0.16 0.20 0.13 0.18 
IL-8 (pg mL−1) * 
MC 2.34 0.96 2.67 0.95 4.75 0.63 2.68 0.95 3.68 1.35 2.39 1.07 3.76 1.42 
PLA 3.21 1.30 3.20 1.22 5.30 2.14 2.94 0.92 4.07 1.12 2.76 1.04 3.86 1.11 
TNF-α (pg mL−1) 
MC 1.66 0.52 1.50 0.49 1.91 0.58 1.66 0.58 1.51 0.56 1.50 0.58 1.70 0.40 
PLA 1.87 0.85 1.64 0.71 1.94 0.72 1.65 0.86 1.62 0.85 1.64 0.79 1.76 0.81 
CK (IU/L) * 
MC 146.0 57.2 146.0 57.2 245.8 96.3 206.0 120.7 188.0 83.1 224.3 100.4 169.0 65.1 
PLA 128.7 74.0 128.7 74.0 180.4 77.0 279.3 310.8 222.7 91.6 287.0 153.6 292.7 231.3 
*: Significant main effect for time (p < 0.05); IL-1-β: Interleukin-1-beta; IL-8: Interleukin-8; TNF-α: Tumour Necrosis Factor-Alpha; CK: Creatine Kinase. 
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Table 3. Time trial data. 
Trial 1 Trial 2 Trial 3 
Mean SD Mean SD Mean SD 
Heart Rate (b·min−1) 
MC 160.89 21.32 162.01 24.90 159.09 22.29 
PLA 158.45 18.63 160.84 21.11 159.70 20.12 
Work Performed (kJ) * 
MC 151.90 29.49 148.40 30.03 139.19 29.64 
PLA 145.35 39.05 141.71 39.84 139.79 38.47 
*: Significant main effect for time (p < 0.05). 
Although food consumption during the trial phases was not subject to detailed dietary scrutiny, all 
food diaries were reviewed for compliance with dietary restrictions. Analysis of diaries demonstrated 
100% adherence to dietary restrictions. 
4. Discussion 
This is the first study to investigate the impact of Montmorency cherries on systemic inflammatory 
and oxidative stress induced by a series of metabolically challenging cycling bouts. Despite both 
groups demonstrating a similar drop off in performance and no differences in time trial performance, 
the results show that both oxidative stress and inflammatory responses were attenuated with MC 
supplementation versus PLA. 
Oxidative stress, as measured by LOOH, was lower in the MC and PLA groups across all time 
points following baseline measures. Interestingly, in the MC group, LOOH did not rise above baseline 
at any time point, although concentration did rise towards baseline following each bout. In contrast, 
LOOH in the PLA group remained above baseline values throughout the duration of the study.  
These findings concur with previous work; following marathon running [10], participants supplemented 
with MC showed no increases in TBARS (lipid peroxidation), whereas a PLA group demonstrated 
increased TBARS at 48 h post-exercise. The use of TBARS as a measure of lipid peroxidation has 
been criticised due to a lack of specificity in human models because the assay also reacts with 
prostaglandins, carbohydrates and both saturated and unsaturated non-functional aldehydes at 532 nm [32]. 
Conversely, LOOH have been shown to be a valid measure of post-exercise induced lipid peroxidation, 
and they are a reliable measure of cell membrane phospholipid damage [33]; consequently the data from 
the current study using LOOH suggest that lipid peroxidation is reduced with MC supplementation. 
An interesting finding of note was the opposing changes in LOOH from baseline to pre-trial 1 
between groups, whereby LOOH was reduced in the MC group by ~11% and raised in the PLA group 
by ~5%. This suggests that the antioxidant capacity of MC may have influenced redox balance and 
antioxidative capacity prior to exercise as other potential sources of dietary antioxidants were excluded 
from the diet. Although this is somewhat speculative, the removal of potential sources of antioxidants 
in the PLA group diet may have reduced antioxidant status and resulted in conditions suitable for 
increased lipid peroxidation. Antioxidant status was not measured in the current study, however, 
previous work using Montmorency cherries has demonstrated that an increase in oxidative stress can 
become apparent at the same time point that total antioxidant status falls below baseline levels [10], 
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hence providing supporting for our supposition. The decreased LOOH in MC and increased LOOH in 
PLA across the duration of the study provide support that antioxidant capacity between groups was 
probably different. 
Average increases of LOOH from pre-to-post trial in the MC group were lower than those in the 
PLA group (5% vs. 11%). The potential mechanisms for these observations are currently unknown, 
however the supplementation of MC make it possible that a number of events may have contributed to 
the findings; direct scavenging of free radical species responsible for damaging cells [34], formation of 
complexes resistant to free radical attack [35], up-regulation of endogenous enzymatic antioxidant 
defence systems [23] or lastly a synergistic combination of these [5,23,36]. 
Direct free radical scavenging alone would unlikely be responsible for the lowered LOOH found, as 
anthocyanins, the prominent antioxidant group within MC, are poorly absorbed [37,38] and are quickly 
excreted from the system [39,40] in humans. Additionally although an in vitro study has demonstrated 
the formation of complexes resistant to oxidative damage with anthocyanins mixing, this was only 
shown with DNA and not lipid structures, and is therefore not likely to have impacted on the LOOH 
levels in the current study [35]. The up-regulation of endogenous antioxidant enzyme defences seems 
to provide the most likely candidate mechanism of protection against lipid peroxidation. Anthocyanins 
have been shown to increase the expression of glutathione related antioxidant enzymes (glutathione 
peroxidase, glutathione reductase and glutathione-S-transferase) in rat hepatocytes [23]. It is possible 
that the consumption of MC triggered such a response and resulted in a greater capacity for the 
removal of free radical species responsible for the lipid peroxidation. Indeed, such enzymes have been 
implicated in both the prevention of lipid peroxidation (via reduction of hydrogen peroxide [H2O2]) 
and the removal of LOOH (via 2 electron reduction to inert alcohols and water) [33]. Although other 
mechanisms cannot be ruled out, this provides the most tenable explanation for the findings of reduced 
LOOH with MC consumption in the present study. In order to investigate this supposition, future 
research should look to address changes in both endogenous and exogenous antioxidant responses 
following MC supplementation. 
The attenuation of post-exercise inflammation provides further support for the use of MC in the 
acceleration of recovery. In agreement with previous research, IL-6 and hsCRP [10] were both 
attenuated in the MC group. Interestingly, IL-6 increased following trial 2 and 3, which was greater in 
the PLA versus the MC group. Furthermore, there was little difference following trial 1, suggesting 
that MC has an inflammatory blunting response with cumulative bouts of metabolically strenuous 
exercise. Additionally, the attenuation of the rise in hsCRP, demonstrated a decreased secondary 
inflammatory response in the MC group. The reduction in both primary and secondary inflammatory 
responses to each trial in the MC group may be a downstream effect of reduced cell damage through 
oxidative stress during exercise. Conversely, the PLA group demonstrated a sharp increase in hsCRP 
following trial 1, which was maintained at an elevated level in accordance with increased LOOH 
across the remainder of the trial, a further indication that LOOH may have influenced the 
inflammatory state. It must also be noted however, that an increase in inflammation can contribute to a 
rise in oxidative stress [8], and as a result, it is conceivable that a reduction in inflammatory response 
was responsible for the observed attenuation in lipid peroxidation. 
Both IL-6 and hsCRP values were considerably lower than those obtained following marathon 
running [10,41] and eccentric knee extensions [21], suggesting that the magnitude of the inflammatory 
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response is significantly modulated by mechanically damaging components of exercise as opposed to 
the exclusively metabolic stress imposed in the current study. Nonetheless, the lower hsCRP response 
across the duration of the trial suggests that MC attenuates inflammation, which may have implications 
for clinical populations, particularly those who demonstrate low-grade chronic inflammation. 
Results demonstrated drops in time-trial performances that were not different between groups 
across the three trials, providing evidence that the same degree of exercise stress was placed upon each 
group. Additionally, no differences in CK between groups were apparent, although a very small 
increase in CK was noted; suggesting a minimal amount of muscle damage was caused. As a result, 
greater confidence can be placed upon the proposed effects of MC on the oxidative stress and 
inflammatory responses discussed. 
Oxidative stress and inflammation are linked with damage to the cell’s structure and function and 
the blunting of such responses following MC supplementation in the current study may be expected to 
influence functional performance. Although not a specific aim of this investigation, an acknowledged 
limitation is that no measure of functional performance, such as muscular strength or power, was 
included either prior to or following trials. In order to investigate this, future work should look to use a 
similar model of high-intensity cycling to identify the effect of metabolic stress on exercise-induced 
oxidative stress and inflammation, and the influence of these on specific measures of muscle function 
and performance. 
5. Conclusions 
This study is the first to demonstrate attenuated oxidative stress and inflammation responses 
following supplementation with MC in an exercise task that induced stress almost exclusively from 
metabolic pathways. We postulate that the observed reductions in oxidative stress and inflammation 
are associated with a greater ability to combat inflammation and the subsequent cascade of oxidative 
stress. Additionally, we demonstrate a direct application for MC during repeated days, high intensity 
cycling and conceivably other sporting scenarios where back-to-back performances cause appreciable 
levels of inflammation and oxidative stress. Further research should focus on a range of performance 
measures in order to identify the consequences of the exercise stimulus and the interaction of MC, 
oxidative stress, inflammation and human performance. Such research would provide application to 
other sporting scenario’s where there is a high metabolic stress component, such as team invasion sports. 
Conflicts of Interest 
The cherry marketing institute (a not for profit organisation) provided financial support for the 
analysis of inflammatory indices. All other elements of the study were funded by Northumbria 
University, and the University of Ulster, UK. The funders had no role in the study design, data collection 
and analysis, decision to publish, or preparation of the manuscript. The authors declare no conflict  
of interest. 
  
Nutrients 2014, 6 841 
 
References 
1. Bailey, D.M.; Williams, C.; Betts, J.A.; Thompson, D.; Hurst, T.L. Oxidative stress, inflammation 
and recovery of muscle function after damaging exercise: Effect of 6-week mixed antioxidant 
supplementation. Eur. J. Appl. Physiol. 2011, 111, 925–936. 
2. McGinley, C.; Shafat, A.; Donnelly, A.E. Does antioxidant vitamin supplementation protect against 
muscle damage? Sports Med. 2009, 39, 1011–1032. 
3. Powers, S.K.; Jackson, M.J. Exercise-induced oxidative stress: Cellular mechanisms and impact on 
muscle force production. Physiol. Rev. 2008, 88, 1243–1276. 
4. Mastaloudis, A.; Morrow, J.D.; Hopkins, D.W.; Devaraj, S.; Traber, M.G. Antioxidant 
supplementation prevents exercise-induced lipid peroxidation, but not inflammation, in 
ultramarathon runners. Free Radic. Biol. Med. 2004, 36, 1329–1341. 
5. Bell, P.G.; McHugh, M.P.; Stevenson, E.; Howatson, G. The role of cherries in exercise and health. 
Scand. J. Med. Sci. Sports 2013, doi:10.1111/sms.12085. 
6. Wang, H.; Nair, M.G.; Strasburg, G.M.; Chang, Y.-C.; Booren, A.M.; Gray, J.I.; DeWitt, D.L. 
Antioxidant and antiinflammatory activities of anthocyanins and their aglycon, cyanidin, from tart 
cherries. J. Nat. Prod. 1999, 62, 294–296. 
7. Goldfarb, A.H.; Garten, R.S.; Cho, C.; Chee, P.D.; Chambers, L.A. Effects of a 
Fruit/Berry/Vegetable Supplement on Muscle Function and Oxidative Stress. Med. Sci. Sports 
Exerc. 2011, 43, 501–508. 
8. Urso, M.L.; Clarkson, P.M. Oxidative stress, exercise, and antioxidant supplementation. 
Toxicology 2003, 189, 41–54. 
9. Kelley, D.S.; Rasooly, R.; Jacob, R.A.; Kader, A.A.; Mackey, B.E. Consumption of bing sweet 
cherries lowers circulating concentrations of inflammation markers in healthy men and women.  
J. Nutr. 2006, 136, 981–986. 
10. Howatson, G.; McHugh, M.P.; Hill, J.A.; Brouner, J.; Jewell, A.P.; van Someren, K.A.; Shave, R.E.; 
Howatson, S.A. Influence of tart cherry juice on indices of recovery following marathon running. 
Scand. J.Med. Sci. Sports 2010, 20, 843–852. 
11. Delgado, J.; del Pilar Terron, M.; Garrido, M.; Barriga, C.; Espino, J.; Paredes, S.D.;  
Rodriguez, A.B. Jerte Valley cherry-based product modulates serum inflammatory markers in rats 
and ringdoves. J. Appl. Biomed. 2011, 10, 41–50. 
12. Thompson, D.; Williams, C.; Garcia-Roves, P.; McGregor, S.J.; McArdle, F.; Jackson, M.J. 
Post-exercise vitamin C supplementation and recovery from demanding exercise. Eur. J. Appl. 
Physiol. 2003, 89, 393–400. 
13. Childs, A.; Jacobs, C.; Kaminski, T.; Halliwell, B.; Leeuwenburgh, C. Supplementation with 
vitamin C and N-acetyl-cysteine increases oxidative stress in humans after an acute muscle injury 
induced by eccentric exercise. Free Radic. Biol. Med. 2001, 31, 745–753. 
14. Close, G.L.; Ashton, T.; Cable, T.; Doran, D.; Holloway, C.; McArdle, F.; MacLaren, D.P. 
Ascorbic acid supplementation does not attenuate post-exercise muscle soreness following 
muscle-damaging exercise but may delay the recovery process. Br. J. Nutr. 2006, 95, 976–981. 
Nutrients 2014, 6 842 
 
15. Sacheck, J.M.; Milbury, P.E.; Cannon, J.G.; Roubenoff, R.; Blumberg, J.B. Effect of vitamin E and 
eccentric exercise on selected biomarkers of oxidative stress in young and elderly men.  
Free Radic. Biol. Med. 2003, 34, 1575–1588. 
16. Phillips, T.; Childs, A.C.; Dreon, D.M.; Phinney, S.; Leeuwenburgh, C. A dietary supplement 
attenuates IL-6 and CRP after eccentric exercise in untrained males. Med. Sci. Sports Exerc. 2003, 
35, 2032–2037. 
17. McLeay, Y.; Barnes, M.J.; Mundel, T.; Hurst, S.M.; Hurst, R.D.; Stannard, S.R. Effect of New 
Zealand blueberry consumption on recovery from eccentric exercise-induced muscle damage.  
J. Int. Soc. Sports Nutr. 2012, 9, 19. 
18. Ferreira, L.F.; Behnke, B.J. A toast to health and performance! Beetroot juice lowers blood pressure 
and the O2 cost of exercise. J. Appl. Physiol. 2011, 110, 585–586. 
19. Bailey, S.J.; Winyard, P.; Vanhatalo, A.; Blackwell, J.R.; DiMenna, F.J.; Wilkerson, D.P.;  
Tarr, J.; Benjamin, N.; Jones, A.M. Dietary nitrate supplementation reduces the O2 cost of 
low-intensity exercise and enhances tolerance to high-intensity exercise in humans. J. Appl. 
Physiol. 2009, 107, 1144–1155. 
20. Connolly, D.A.J.; McHugh, M.P.; Padilla-Zakour, O.I. Efficacy of a tart cherry juice blend in 
preventing the symptoms of muscle damage. Br. J. Sports Med. 2006, 40, 679–683. 
21. Bowtell, J.L.; Sumners, D.P.; Dyer, A.; Fox, P.; Mileva, K. Montmorency cherry juice reduces 
muscle damage caused by intensive strength exercise. Med. Sci. Sports Exerc. 2011, 43, 
1544–1551. 
22. Seeram, N.P.; Momin, R.A.; Nair, M.G.; Bourquin, L.D. Cyclooxygenase inhibitory and 
antioxidant cyanidin glycosides in cherries and berries. Phytomedicine 2001, 8, 362–369. 
23. Shih, P.H.; Yeh, C.T.; Yen, G.C. Anthocyanins induce the activation of phase II enzymes through 
the antioxidant response element pathway against oxidative stress-induced apoptosis.  
J. Agric. Food Chem. 2007, 55, 9427–9435. 
24. Gastin, P. Energy System Interaction and Relative Contribution During Maximal Exercise.  
Sports Med. 2001, 31, 725–741. 
25. Cockburn, E.; Hayes, P.R.; French, D.N.; Stevenson, E.; St Clair Gibson, A. Acute milk-based 
protein-CHO supplementation attenuates exercise-induced muscle damage. Appl. Physiol. Nutr. 
Metab. 2008, 33, 775–783. 
26. Howatson, G.; van Someren, K.A. The prevention and treatment of exercise-induced muscle 
damage. Sports Med. 2008, 38, 483–503. 
27. Atlas Biosciences. Analytical Report; Atlas Biosciences: Tucson, AZ, USA, 2010. 
28. Howatson, G.; Bell, P.G.; Tallent, J.; Middleton, B.; McHugh, M.P.; Ellis, J. Effect of tart cherry 
juice (Prunus cerasus) on melatonin levels and enhanced sleep quality. Eur. J. Nutr. 2012, 51, 
909–916. 
29. Vaile, J.; Halson, S.; Gill, N.; Dawson, B. Effect of hydrotherapy on recovery from fatigue.  
Int. J. Sports Med. 2008, 29, 539–544. 
30. Fossati, P.; Prencipe, L. Serum triglycerides determined colorimetrically with an enzyme that 
produces hydrogen peroxide. Clin. Chem. 1982, 28, 2077–2080. 
31. Sies, H. Total antioxidant capacity: Appraisal of a concept. J. Nutr. 2007, 137, 1493–1495. 
Nutrients 2014, 6 843 
 
32. Alessio, H.M. Lipid Peroxidation in Healthy and Diseased Models: Influence of Different Types of 
Exercise. In Handbook of Oxidants and Antioxidants in Exercise; Hanninen, O., Packer, L.,  
Sen, C.K., Eds.; Elsevier: Amsterdam, The Netherland, 2000; pp. 115–128. 
33. Girotti, A.W. Lipid hydroperoxide generation, turnover, and effector action in biological systems. 
J. Lipid Res. 1998, 39, 1529–1542. 
34. Mart nez, A. Donator acceptor map of psittacofulvins and anthocyanins: Are they good antioxidant 
substances? J. Phys. Chem. B 2009, 113, 4915–4921. 
35. Sarma, A.D.; Sharma, R. Anthocyanin-DNA copigmentation complex: Mutual protection against 
oxidative damage. Phytochemistry 1999, 52, 1313–1318. 
36. Traustadottir, T.; Davies, S.S.; Stock, A.A.; Su, Y.; Heward, C.B.; Roberts, L.J., II; Harman, S.M. 
Tart cherry juice decreases oxidative stress in healthy older men and women. J. Nutr. 2009, 139, 
1896–1900. 
37. Bitsch, R.; Netzel, M.; Frank, T.; Strass, G.; Bitsch, I. Bioavailability and biokinetics of 
anthocynanins from red grape juice and red wine. J. Biomed. Biotechnol. 2004, 5, 293–298. 
38. Charron, C.S.; Kurilich, A.C.; Clevidence, B.A.; Simon, P.W.; Harrison, D.J.; Britz, S.J.; Baer, D.J.; 
Novotny, J.A. Bioavailability of anthocyanins from purple carrot juice: Effects of acylation and 
plant matrix. J. Agric. Food Chem. 2009, 57, 1226–1230. 
39. Felgines, C.; Talavéra, S.; Gonthier, M.-P.; Texier, O.; Scalbert, A.; Lamaison, J.-L.; Rémésy, C. 
Strawberry anthocyanins are recovered in urine as glucuro- and sulfoconjugates in humans.  
J. Nutr. 2003, 133, 1296–1301. 
40. Kurilich, A.C.; Clevidence, B.A.; Britz, S.J.; Simon, P.W.; Novotny, J.A. Plasma and urine 
responses are lower for acylated vs nonacylated anthocyanins from raw and cooked purple carrots. 
J. Agric. Food Chem. 2005, 53, 6537–6542. 
41. Starkie, R.L.; Rolland, J.; Angus, D.J.; Anderson, M.J.; Febbraio, M.A. Circulating monocytes are 
not the source of elevations in plasma IL-6 and TNF-α levels after prolonged running.  
Am. J. Physiol. 2001, 280, C769–C774. 
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
